Introduction
Carbon fibre and epoxy matrix woven composites are widely used nowadays in the aeronautical industry even for primary structural components [1] . These materials have a multi-scale nature and three characteristic scales can be defined. First, the macroscopic scale corresponds to that of the part or the structure of interest. Second, the scale of the architecture or woven pattern will be referred to as the mesoscopic scale. Finally, the microscopic scale is that of fibres and matrix. In the case of the composite under investigation, the first damage mechanisms occur at the microscopic scale. It consists in fibre/matrix debonding and matrix cracking [2] . They coalesce and lead to mesoscopic scale damage in the form of transverse cracks inside yarns and delamination along the interfaces between yarns [2] . Last, the increase in density of mesoscopic scale damage and fibre breakage leads to failure of the structure [2] [3] [4] [5] [6] [7] [8] . This damage scenario can be found in a wide range of composites.
The constituents (including their interfaces) have a strong influence on damage onset and growth at the microscopic scale and thus on the failure of the structure [9] . This is especially true in the case of fatigue loadings where repeated loading can cause the growth of microscopic scale damage even at load levels lower than those necessary to generate mesoscopic scale damage.
In order to be predictive for the onset of damage with numerical models, accurate means of characterisation are required. However, the characterisation of the first stage of damage at the microscopic scale is difficult and rarely performed. The main reasons are: (i) the difficulty to measure the properties of the constituents and of their interfaces [10] , and (ii) the difficulty to measure displacement fields at the microscopic scale and to define the damage scenario. Concerning this second point, the challenge is due to the smallness of the displacements that have to be measured. At this scale, the size of the damage mechanisms is about a few nanometres [2] and thus of the same magnitude as the displacement. To be able to observe them, experiments are carried out with a scanning electron microscope (SEM) to obtain grey level pictures of the sample surface. This observation can be performed either post-mortem [11, 12] , at the end of an interrupted test [13, 14] or even in situ in the SEM [15, 16] .
From these images, a widely used technique to measure displacement fields is digital image correlation (DIC) [17] [18] [19] . This method is based on the grey levels of the picture and assumes that they are maintained between the original image and those after deformation. However, some issues can arise from the SEM acquisition of the digital pictures of composite materials. First, the stability of grey levels is not ensured when acquiring SEM pictures as the current intensity of the electron beam can vary. Second, the material (i.e., the epoxy matrix in the present case) being an electrical insulator, a charging effect can appear and affect the grey levels [20] . Third, in the case of pictures with uniform grey levels, it is necessary to deposit a microscopic speckle pattern on the surface of the sample.
The common method used at the macroscopic scale is to spray paint droplets on the surface of the sample [21] . However, it is difficult to spray microscopic size droplets and their size is often of the order of several tens of micrometres [22] . To overcome this difficulty, the method used herein creates a speckle pattern from a water-based solution containing ceramic particles [23] . This method presents the advantages to (i) cover the whole surface of the sample contrary to electron-beam lithography methods [24] [25] [26] , (ii) be easily created contrary to metal loaded polymer layer methods [27, 28] and (iii) keep the microstructure of the sample visible contrary to methods based on paints [21, 29] . The ability to keep the microstructure visible is especially useful at the stage of creating a FE mesh of a representative volume element at the microscopic scale to compare experimental observations with numerical simulations.
Two different approaches of DIC can be found in the literature, namely, the local [17, 30, 31] and the global approaches. The last one can be further decomposed in finite element (FE) approaches [32, 33] , which is considered here, and other approaches such as Fourier-based approach [34] . The local approach consists in dividing the whole picture into small subsets and analysing them independently, whereas the FE approach considers the whole picture by sampling the displacement field over a finite element (FE) mesh. The advantage of local approaches is the speed of calculation since many small problems are faster to solve (possibly in parallel) than a larger system. The major advantage of FE-DIC is its natural bridge with numerical simulations. Besides, the use of a finite element mesh to sample the displacement fields allows the use of several methods to improve the resolution by adding other terms to the minimization [35] or by using regularization methods based on a proper generalized decomposition (PGD) [36] or a mechanical equilibrium [37, 38] . Furthermore, the FE approach, due to the use of a finite element mesh ensuring continuity of the field, can measure more complex fields and is more robust in the case of noisy images as shown by Hild et al. [39] and by the comparison of the works of Canal et al. [14] with Mortazavi [34] , who used the same SEM pictures.
This work proposes a procedure based on FE DIC with mechanical regularization able to capture displacement fields with high resolution at the microscopic scale on heterogeneous materials with a high stiffness ratio, which is the case for carbon fibre polymer resin (CFPR) composites. The first section presents a comparison between two existing correlation approaches, namely, local DIC performed using the commercial code VIC-2D [40] , and FE and regularized T3 DIC (i.e., Correli RT3 [38] ) in order to test the FE approach with mechanical regularization based on three nodes (T3) elements [37, 41] . Both methods are applied to the considered material with and without a speckle pattern. The adaptation of the FE DIC with mechanical regularization to the measurement of high resolution displacement fields for heterogeneous materials with a high Young's modulus ratio is then introduced. 
Digital Image Correlation method
Two different approaches exist for DIC but for both approaches the conservation of the grey level between the reference picture, f , and the picture after deformation, g, is assumed at any pixel, x, for a displacement vector, u: f (x) = g(x + u(x)) [42] .
The correlation procedure aims, for instance, at minimizing the sum of squared differences over
One of the main differences between both approaches lies in the choice of the domain, Ω. On one hand, the local approach defines numerous small and independent Ω domains over the picture and finds independent displacements for each of them through Equation (1).
The FE approach defines Ω as the whole picture through a finite element mesh where the nodal displacements are the components of the displacement vector, u, which are to be determined. Minimizing Equation (1) is equivalent to solving a sequence of linear systems
where M is the Hessian whose terms are the products of the shape functions of the finite element mesh by the gradient of the initial image, b the residual vector, which is a function of the difference between the initial picture and the corrected deformed picture [39] , and δu the corrections to the current estimate of the nodal displacements. Due to the continuity of the displacement field, the FE approach can measure more complex fields and could be more robust in the case of noisy images [39] .
This global correlation problem is ill-posed and many ways have been proposed to transform it into a well-posed problem [43] . The regularization used herein is based on a penalty term written in terms of the equilibrium gap which consists in a minimization of the norm of the internal force residuals [38] . Since it is assumed that there are no external forces, the nodal forces f r should vanish
where K is the rectangular stiffness matrix restricted to the inner nodes. It is computed by assembling in a FE sense the elementary stiffness matrices that account for the different elastic properties in the matrix and in the fibres. Plane stress conditions were used. Consequently, the equilibrium gap is defined as the L2-norm of the force residuals, or equivalently
Henceforth, the quantity K t · K · u is defined as the mechanical residual, which is the work conjugate of the nodal displacement vector.
To minimize the global problem, both functionals are normalized by a trial displacement field in the form of a plane wave
, where v 0 is the amplitude and k the wave vector.
The normalized functionals then becomẽ
The global minimization is performed on the weighted sum of the two normalized functionals [38] (
where w m is the weight associated with the penalization related to the equilibrium gap. The weight
where m , is referred to as the regularization length [38] .
It is worth noting that the mechanical regularization is used herein as a guide for the minimization scheme through an iterative process. The registration is initially performed with a high weight of the mechanical part. The displacement fields obtained at convergence (i.e. for the L2-norm of the displacement corrections less than 10 −5 pixels) are then used to initialize a new registration step with less weight on the mechanical part (typically half the previous regularization length). Such relaxation process is conducted until it no longer converges for a maximum number of iterations of 200.
DIC analyses of the considered material
In order to acquire images, in situ tensile tests were conducted in an SEM. The acquired pictures have a resolution of 46 nm/pixel. The considered material is an 8-layer 5-harness satin carbon fibre and epoxy matrix composite (Fig. 1a) . The sample dimensions are 40 × 3.8 × 2 mm 3 . Its surface is polished to one quarter of micrometre. In order to observe the first stages of damage at the microscopic scale, the acquisition parameters should be chosen with care. First, to observe damage initiation, i.e., fibre/matrix debonding, the resolution must be high enough (about 50nm). Moreover, since the location of the transverse cracks cannot be predicted a priori, a large zone of the composite must be observed (i.e., about 800 × 300 µm). Then, to prevent the effect of rigid body motions and keep the same observed zone in the acquired pictures during the test, high resolution pictures should be captured (about 4000 × 4000 pixels). Finally, the electron beam power should be adapted in order to avoid damaging the composite. All these requirements imply other aspects such as the speckle pattern or the DIC analyses to be adapted. A speckle pattern was created with a method similar to that developed by Mehdikhani et al. [23] based on a suspension of alumina particles, about 125 nm in diameter (Fig. 1b) corresponding to 2 to 3 pixels [44] . DIC was applied during a tensile test with a speckle pattern and has confirmed the absence of displacement of each individual particle.
Comparison between local and FE-DIC with speckle pattern
For the local approach ( Fig. 2(b) and 2(c)), a subset size of 21 pixels gives a displacement field with a good spatial resolution. A subset size of 61 pixels (i.e., half the fibre diameter) is required to measure the displacement field all over the picture (using the default parameters of VIC-2D [40] to select reliable measurements). In the case of FE-DIC with mechanical regularization (Fig. 2(a) ), a mesh with an element size of 10 pixels and a regularization length of 128 pixels allows displacement fields to be measured over the whole domain. This comparison shows that, with a speckle pattern, both approaches can measure displacement fields over the surface with a comparable spatial resolution. 
Comparison between local and FE-DIC with no speckle pattern
The aim is to observe the first stages of damage and to be able to characterise them in terms of strain level or location, for instance. However, using the speckle pattern implies dipping the sample into water whereas such composite materials are sensitive to moisture. One of the main effects is the weakening of the fibre/matrix interface directly linked to the first damage [45, 46] . Thus, there is a need for measuring displacement fields on composite samples without a speckle pattern.
For the local approach, a subset size equal to that of one fibre (i.e., 140 pixels) gives insufficiently resolved displacement fields (Fig. 3(c) ) and any smaller subset size does not enable displacements to be measured over the whole region of interest ( Fig. 3(b) ). The FE approach, with a regularization length of 128 pixels and a mesh with an element size of 10 pixels (Fig. 3(a) ), allows displacement fields to be measured over the whole domain (Fig. 4) . The SEM images contain many regions with almost uniform gray levels and the displacement fields measured with both methods show that, due to the mechanical regularization, FE-DIC gives more complete measurements than local DIC. 
Choice of method
For the considered pictures, FE-DIC will be used in the following study. The results presented in the sequel are obtained from the picture shown in Fig. 3(a) and used for the comparison of both methods. The reference image is that of the undeformed sample, and the deformed image is taken at a global tensile stress of around 200 MPa. The only exception is in section 3.3 where both reference and "deformed" pictures are acquired for the undeformed state. All the results are presented for a regularization length of 128 pixels as this is the smallest value leading to convergence on the correlation process according to the criteria mentioned in Section 2.1. However, the registration process was initialized with a regularization length of 1024 pixels, which was then gradually decreased (as explained in Ref. [38] ). The regularization length of 128 pixels is of the order of the average size of the fibres (120 pixels in diameter). Figure 4 shows a more detailed result obtained with this method on a sample without a speckle pattern. The mechanical residuals are interpolated from nodal to pixel values using the shape functions of the FE mesh. Another aspect (which is not developed in this paper) justifying the interest of the FE approach, is the possibility of using the same mesh for mechanical simulations. The use of the same mesh allows for faster and easier comparisons between numerical simulations and experiments because the same kinematic basis is used in both cases.
However, the use of FE DIC at this scale requires some improvements due to the mechanical residuals all over the fibre/matrix interface (Fig. 4c) preventing its utilisation to detect damage.
This phenomenon is due to the presence of some elements lying across the fibre/matrix interfaces; thus, the mechanical regularization procedure considers only one material behaviour for two very different constituents. This is due to the use of a uniform mesh over the considered domain (see top of Fig. 3(a) or Fig. 5a ). Moreover, the fields displayed in Figs. 4a and 4b show that their spatial resolution is not sufficient in order to be compared with numerical simulations since it does not capture precisely the interfaces between fibres and matrix. This is due to the assumption of homogeneous elasticity in the regularization process whereas the mechanical behaviour of fibres and matrix are really different [47, 48] . In order to be able to use the mechanical residuals to detect damage, the regularization procedure needs to be extended by taking into account the heterogeneous properties of the material. First, a conformal mesh is required for the correlation analysis. Second, different material parameters will be used for fibres and matrix. Since dipping the sample into a water-based solution to do the patterning can change the way damage initiates at the microscopic scale, the new DIC procedure will be tested on pictures without a speckle pattern (Section 3). As the speckle patterns make the correlation easier, all the new implementations also work in that case.
FE-DIC on heterogeneous materials

Microstructure-based mesh
The grey level contrast between fibres and matrix in the picture is sufficient to detect the centre and radius of each fibre through a succession of topological operations. The cross sections of the fibres are assumed to be circular. Nevertheless, the fibre radius can be different from one fibre to another fibre. Since the radii are detected independently, some circles, representing the fibres, can be overlapping (Fig. 5b) and, in this case, a small reduction in both radii is performed. This process allows to switch from a uniform mesh (Fig. 5a ) with elements lying across the fibre/matrix interfaces to a mesh consistent with the underlying microstructure of the composite (Fig. 5c ). The results obtained with this mesh are shown in Fig. 6 . As only the positions of the points have changed, there is no real difference between the displacement or strain fields shown in Fig. 4a (resp. 4b) and Fig. 6a (resp. 6b) . However, the mechanical residuals do not appear at every fibre/matrix interface anymore but only at some specific places. These residuals are due to fibre/matrix debondings (as can be seen on the zoomed sections of the image shown in Fig. 7(a) ) implying a discontinuous displacement field whereas the mechanical model used imposes a continuous displacement field and therefore a large difference at these locations. This is confirmed either visually or with the strain field (Fig. 4b) . The use of a microstructure-based mesh allows the detection of the onset of fibre/matrix debonding and allows its growth to be followed. The results obtained with this method are shown in Fig. 7 . By taking into account the difference between fibres and matrix in terms of mechanical properties, it is now possible to take into account the microstructure of the composite in the displacement fields and thus in the strain fields (Fig. 7) . It is observed that the strain levels in the fibres (ca. 0.2%) are smaller than in most of the matrix (see zoom in Fig. 7e ). The only areas where the strains in the matrix are lower than in the fibres are close to fibre/matrix debond zones, which cause unloading of the adjacent matrix. The maximum strain is found at the debonded interfaces between fibres and matrix. However, in comparison with Fig. 6c , the use of different elastic properties for fibres and matrix has a negligible influence on the mechanical residuals. The mechanical maximal value is slightly decreased but the localisation is not changed. This is essentially due to the presence of a fibre/matrix debonding which creates high mechanical residuals hiding mechanical residuals of lower levels. With the aim of detecting the first stages of damage, this is a positive result meaning that whatever the properties used, it does not decrease the ability to detect damage mechanisms. The influence of the fibre radius has been analysed and it was found that a 5-pixel reduction, which is quite large considering the very precise positioning of the mesh with respect to the fibre/matrix interfaces as shown in Fig. 5c , only leads to a change of less than 0.1 pixel in the measured displacement fields (which is lower than the measurement uncertainty reported in Section 3.3).
The comparison of the global residuals between the initial method, the use of the microstructurebased mesh and the separation of elastic properties is shown in Fig. 8 . As expected, the decrease in the regularization length decreases the optical residual and increases the mechanical one since the mechanical part is less weighted than the optical one. It can also be seen (Fig. 8a) that the use of a microstructure-based mesh does not really change the optical residual since only the positions of the nodes are changed. However, the separation of the elastic properties decreases the optical residual by 2.4 %. For the mechanical residual, the proposed improvement induces a reduction of 92 %. In the same way as the displacement discontinuity at debonded interfaces leads to high mechanical residuals, the fact that the matrix behaviour is not linear elastic may cause higher mechanical residuals in zones with significant inelastic strains. However, the observed values are much lower than on the debonded interfaces even though weight of the mechanical regularization in the matrix for the last converged registration is very small and thus the displacement field in the matrix obtained after the iteration process is not much influenced by the elastic regularization.
Uncertainty quantification
The acquisition of SEM pictures are subject to spatial and drift distortions [52, 53] . Models have been developed to correct these distortions [54] . In this paper, the pictures were acquired using a field emission gun SEM known to induce very limited drift compared to conventional tungsten filaments [52] under a short time (i.e., less than one minute by frame). Moreover, the image acquisition was limited to small deviation angles of the electron beam in order to reduce spatial distortion. The aim of this section is to determine the measurement errors including the effect of acquisition artefacts.
Two pictures of the same region of interest were thus acquired with a very small rigid body motion of the specimen. The resolution of these pictures was still 46 nm/pixel and one of them is shown in (Fig. 9d) , and thus an increase in measurement uncertainties is expected. The displacement field measured in the horizontal direction (Fig. 9b) has a mean value of 1.03 pixel and a standard deviation of 0.22 pixel, which corresponds to a standard uncertainty of 10 nm (Fig 9e) . In the vertical direction, the mean displacement is -0.57 pixel for a standard deviation of 0.17 pixel, which corresponds to a standard uncertainty of 8 nm (Fig 9f) . This uncertainty is small enough to detect damage since fibre/matrix debonding is expected to be of the order of several tens of nanometres. 
Influence of the elastic contrast
This section evaluates the influence of the ratio between the Young's moduli of the two constituents.
It is worth noting that the regularization weight w m depends on the elastic properties, namely, since the Young's modulus of the fibres E f is greater than that of the matrix E m , the penalization weight in the matrix is by a factor of (E m /E f ) 2 lower than in the fibres. Therefore the ratio of the regularization length in the matrix with respect to the fibre is equal to E m /E f (e.g., if the regularization length in the fibres is equal to 128 pixels, then that in the matrix is equal to 57 pixels with E m /E f = 0.2).
The same correlation was run for several ratios and the optical residuals Φ 2 o (1) are shown in Fig. 10a . The larger the ratio between the Young's moduli, the smaller the optical residual. Increasing the elastic contrast between the fibres and the matrix with the same regularization length in the fibres implies decreasing the regularization weight in the matrix. Thus, the optical residuals in the matrix decrease (as more freedom is given to the correlation scheme) while they do not increase in the fibres because their strain levels are very low. With the aim of measuring displacement fields within the matrix at the microscopic scale, it is interesting to increase the ratio between these properties since it reduces the difference between the initial and the corrected deformed pictures. However, using a high ratio between the elastic properties has two consequences. First, it gives more freedom for the displacement measured in the matrix. The measurement is then more influenced by noise and the minimization process requires more iterations to converge and thus more time (Fig. 10b) . Second, it implies making the assumption that the fibre does not deform much. The aim being to measure the displacements all over the pictures, it may be considered as a strong assumption.
However, numerical simulations have shown that the strains in the fibre is really small, and the displacement is barely measurable with the present resolution. The assumption is thus reasonable and using a high ratio of properties can then reduce the correlation residuals.
If no information is available, using large Young's modulus ratios is a good practice. However, if the elastic properties of fibres and matrix are known, then it is better to take these data and use a physically-based regularization.
Conclusions
Fibre/matrix debonding was observed through in situ experimental tests in the SEM and a speckle pattern was adapted to improve the measure by digital image correlation. A comparison between local and FE-DIC with mechanical regularization was performed on pictures acquired during the experimental tests. The comparison was done with and without a speckle pattern to choose the most appropriate method to measure displacement fields. It was shown that in the presence of a speckle pattern, both approaches can give valuable results. However, without any speckle pattern, FE-DIC with mechanical regularization can measure displacement fields with a resolution not reached with local DIC.
The first improvement was to create a mesh in agreement with the microstructure of the composite.
The use of this mesh has the advantage of preventing the existence of elements lying across the fibre/matrix interface. Thus, the mechanical residuals are localized in the area where there is a real difference between the physical phenomenon (fibre/matrix debonding) and the elastic model used in the mechanical regularization. This improvement offers the possibility of detecting the apparition of debondings and to follow their evolution during the whole mechanical test. The second improvement was to take into account the difference in mechanical properties between fibres and matrix. This improvement allows to take into account the microstructure in the displacement and strain fields.
Moreover, it is possible to measure displacement fields in the interfibre matrix with a standard uncertainty of 10 nm (a fifth of a pixel) without the use of a speckle pattern. Last, because FE-DIC uses a mesh to measure displacement fields, the same mesh can be used in mechanical (FE) simulations. Consequently, the displacement field measured during the experimental test can also
give the boundary conditions that can be used to validate the numerical model or calibrate material parameters.
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